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Introduction
The amyloid cascade hypothesis, first proposed in the early 1990's, posits that the deposition of amyloid fibrils is the seminal event in the pathogenesis of Alzheimer's disease (AD) [1, 2] .
However, recent biophysical, biological, and clinical data indicate that the formation of oligomeric assemblies much smaller than fibrils may be a key pathologic event [3] [4] [5] [6] [7] [8] [9] [10] . This paradigm shift suggests an attractive therapeutic approach-prevent or disrupt the assembly of Aβ monomer into toxic oligomers. To do so requires an understanding of the molecular dynamics involved in the transition from non-toxic monomeric to toxic oligomeric states.
Elucidation of the initial events in Aβ monomer folding and assembly is complicated
by the solvent dependence of the process [11] . Monomeric Aβ is largely helical in a membrane or membrane-mimicking environment such as ionic detergents [12] [13] [14] [15] . In contrast, Aβ monomers in aqueous solution show negligible α-helix or β-sheet content [11, 16, 17] . Studies of Aβ 10−35 -amide at micromolar concentrations in water show a pH-dependent folding transition in which the conformation is not helical but contains several turns and at least two short strands [18] . Solution-state NMR combined with diffusion-ordered spectroscopy indicate that variation of the anionic strength in the buffer shifts the equilibrium between monomeric and oligomeric states, possibly allowing for the stabilization of intermediate struc-
tures [19] . Molecular dynamics (MD) studies of Aβ 16−22 monomer in aqueous urea solution
show that increasing the concentration of urea promotes a transition from a compact random coil to β-strand structures [20] .
Aβ folding and oligomerization are also influenced significantly by amino acid structure at specific sites. The dipeptide Ile41-Ala42 at the C-terminus of Aβ 1−42 is responsible for the different biophysical behaviors of Aβ 1−42 and Aβ 1−40 [21, 22] . Oxidation of Met35 disrupts Aβ 1−42 oligomer formation but does not affect Aβ 1−40 oligomer formation, consistent with the possibility that there are structural differences between oligomers of the two alloforms involving Met35 and neighboring residues [23] . Simulations of the oligomerization of Aβ 1−40
and Aβ 1−42 [24, 25] using discrete MD (DMD) with implicit solvent [26] [27] [28] [29] are consistent with in vitro data, yield new structural predictions, and offer a plausible mechanistic explanation of the Met35 oxidation experiments [25] . MD studies show that the presence of glycines induce a transition from an α-helix to a β-strand conformation in Aβ 1−40 monomers in aqueous solution [30] . [3, 35] . To investigate dynamical differences in the folding due to changes in the composition and density of the solvent, we study the system with solvated ions in normal density water and in water with a reduced density. Our results are consistent with previous results [34] and, in addition, reveal a helix conformation of the decapeptide when the encompassing water has a lower density than normal water. potential energies given by the CHARMM-27 force-field [36] using the NAMD package [37] .
We use the TIP3P [38] model for the water molecules. We use the NVT ensemble and confine the system in a box with periodic boundary conditions. We carry out the MD simulations at a constant temperature of T = 283K, corresponding to the in vitro experiments [32] .
Aβ 21−30 has the primary structure Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala, where Glu22 and CO − 2 at the N-and C-termini, respectively. We generate five trajectories with the following initial conditions:
, wild type random coil conformation in normal density water;
, wild type loop conformations from Lazo et al. [32] in water with reduced density (corresponding to Families I and II from Ref. [32] , respectively);
, Dutch peptide in a random coil conformation in normal density water;
• and [RCS], wild type random coil conformation in salted water.
We choose these five trajectories because they give information about the dynamics of the We solvate each monomer by inserting it in the center of a previously-equilibrated cube of water molecules of side 43Å. This insertion deletes all water molecules overlapping or in close proximity (<2.4Å) to any of the monomer atoms, resulting in a system with about 2542
water molecules (see Supporting Information for details). To maintain system neutrality (for wild type only), we insert a single Na + ion far from the monomer. To obtain the "salted" system, we insert 25 dissociated molecules of NaCl, resulting in a system with 2399 water molecules. We carry out all the insertions and preparations of the systems using the VMD package [40] . We use the Particle Mesh Ewald method [41] to calculate the electrostatic interactions and a cut-off distance of 12Å for the direct electrostatic and van der Waals interactions. We use a timestep of 1 fs for all simulations and save configurations (monomer and water) every 2 ps.
We first minimize the energy of the system for 20,000 steps by applying the conjugate gradient algorithm that relaxes all atoms except the C α atoms. Next, we release the C α atoms and minimize again for another 20,000 steps. Then, we gradually heat the system in the NVT ensemble from 0 to 283K by harmonically constraining all C α atoms for 100 ps.
Following this step, and still constraining the C α atoms, we then perform another 200 ps in the NPT ensemble at 283K, followed by a brief 50 ps NPT simulation with no constraints to generate the starting configuration for the production runs. Because of the way that we delete overlapping water molecules in the solvation step above, these NPT equilibration steps allow for water molecules to fill in holes left from the insertion of the decapeptide, thus shrinking the size of the system by about 1Å in all directions (see Supporting Information
for details). For trajectories [P1] and [P2]
, we skip the NPT equilibration, not allowing the system to shrink, thus creating a system in which the effective density of the water is reduced by about 7.5%. In Table 3 of Lys28, and (vii) the number and type of hydrogen bonds (HB) between atoms in the decapeptide [40] . We calculate secondary structure propensity using the program STRIDE [43] available through the VMD package. A HB exists if the distance between donor and acceptor is ≤3Å and the angle θ between the donor-hydrogen-acceptor atoms is 160
If, in addition, two hydrogen-bonded atoms are of opposite charge, they form a salt bridge (SB) [44] . 
Results
Distances. In Fig. 1 S is reduced from about 575Å 2 (separated and accessible to solvent) to 475Å 2 .
We define "events" in Fig. 1 Events within a trajectory occur at different times and time intervals (Fig. 1) . By adding up the duration in time of these events, we obtain the total event time per trajectory (Table 1). Values in Table 1 are reported in nanoseconds rather than as percentages because the total simulation times are too short to obtain statistically significant percentage results.
From these data, we see that S * and R * (4,8) (hydrophobic events) total times in each trajectory are comparable. We also see that hydrophobic events last for much longer periods of time than SB (R * (2,8) and R * (3,8)) events.
We next determine the amount of temporal overlap between pairs of events (Table 2) , helpful for establishing correlations between events. We define the percentage of overlap for event X between two events X and Y as the time that X and Y overlap divided by the total duration of event X, multiplied by 100. In Table 2 Secondary Structure and Packing of Val24 and Lys28. In Fig. 2 we show the time evolution of the secondary structure propensity of each amino acid for all the trajectories.
As with other structural determinants, there is a high degree of correlation between these secondary structures and other events. Typically, R * (4,8) events are correlated with increased turn propensities that span at least the Gly25-Lys28 region (Fig.4, Supporting Information) .
In Fig. 2 [P1] , the π-helix correlates with lowered values of all of the R(2, the row corresponding to Gly25 (label "25" on the y-axis) is less populated (turn) than the others, suggesting two turn regions separated at Gly25 (see Fig. 4 [DU], Supporting Information, for trajectory averages).
We calculate the normalized scalar product D between the vectors formed by the side chains of Val24 and Lys28. By comparing results on D (Fig. 5, Supporting Information) with The hydrophobic events are highly correlated with a smaller value for the radius of gyration R g , and they last longer than SB events (Tables 1 and 2 [12] [13] [14] [15] 45] . The formation of helices in reduced density water is consistent with the possibility that hydrophobic assembly in proteins is facilitated by removal of water molecules ("vaporization") from regions between hydrophobic amino acids [46] . Future work in this area will have relevance for understanding how Aβ folding is affected by different intra-and extracellular milieus, including endoplasmic and plasma cell membranes, endosomal/lysosomal compartments, cytoplasm, plasma, and cerebrospinal fluid.
Although in our trajectories with pure normal water the Glu22-Lys28 and Asp23-Lys28 salt bridges are transient in time, they could be precursors to the salt bridges proposed in recent molecular dynamics simulations [47] and modeling based on NMR data [48] , where it is suggested that the turn or bend in Aβ fibrils is stabilized by a salt bridge involving Asp23-Lys28. In Lazo et al. [32] , however, the R(2,8) and R (3, 8) distances (larger than 9Å) seem to rule out the existence of the SBs seen here. This finding can be reconciled by considering that NMR experiments measure averages of these distances and by differences in time scales, since the simulations here are done in the nanosecond time scale whereas NMR experiments are performed in the microsecond to millisecond time scales.
In wild type Aβ 21−30 in normal water with solvated salt ions [RCS], we observe the longest "waiting time" for a hydrophobic event which can be attributed to the well-known salting-in effect in which a cloud of ions increases solubility of a protein by lowering its electrostatic free energy [49] . In this same trajectory, the coexistence of the Glu22-Lys28
and Asp23-Lys28 SBs during the R * (4,8) event might be a consequence of a disruption of the HB network of the water by the solvated ions. In this scenario, ions locally reorient water molecules, changing the HB interactions between water and Glu22 and Asp23, enhancing the simultaneous formation of these salt bridges.
In the [DU] trajectory, the lack of hydrophobic and SB events, and the unconstrained motion of the Val24 and Lys28 side chains, indicate a more flexible structure than the wild type, in agreement with [50] . Taken 
Conclusions
Our results show that hydrophobic interactions play a crucial role in the Aβ 21−30 folding dynamics, assisted by the formation of salt bridges between the charged amino acids. By performing secondary structure and hydrogen bond analysis, we find that there is no regular secondary structure or permanent hydrogen bonding, suggesting that folding involves formation of a loop stabilized by the packing of the side chains of Val24 and Lys28. We also show that by reducing the density of water we may induce formation of a π-helix. Interestingly, we find that in normal density water, if the solvent contains desolvated ions, the salt bridges play a prominent role in the stabilization of the Val24-Lys28 loop. 
